+ with dipicolinic acid (DPA) has been investigated in 1 M NaClO 4 at 25ºC. Two complexes, NpO 2 (DPA) -and NpO 2 (DPA) 2 3-, were identified and the stability constants (logβ 1 and logβ 2 ) were determined to be 8.68 and 12.31 by spectrophotometry. The enthalpies of the complexation (ΔH 1 and ΔH 2 ) were measured to be -25.2 and -45.9 kJ/mol by microcalorimetry. The entropies (ΔS 1 and ΔS 2 ) were calculated to be 81.6 and 81.8 J/(K⋅mol) accordingly. The strong complexation of NpO 2 + with DPA is driven by both positive entropies and highly exothermic enthalpies.
Introduction
The next-generation nuclear energy systems require the development of advanced spent nuclear fuel (SNF) reprocessing processes in which precise control of the chemical behavior of actinides and fission products is achieved. For example, by the design of the UREX+ processes currently being developed, pure uranium (U) and pure plutonium/neptunium (Pu/Np) product streams are to be obtained in the U separation step (UREX process) and the Np/Pu separation step (NPEX process), respectively. [1] [2] [3] However, precise control of some actinides, Np in particular, has proven difficult. Lab-scale tests indicate that 99.5% of the plutonium but only 71% of the neptunium are found in the Pu/Np product stream, 2 suggesting the extractability of Np is low under the process conditions. Probably, some of the Np in the process stream exists in its pentavalent state as NpO 2 + and, because of its low ionic charge, NpO 2 + does not form strong complexes with many ligands and is not extractable by many traditional extractants in solvent extraction. Therefore, controlling the oxidation states of Np (e.g., in more extractable tetravalent state, Np(IV)) and/or searching for efficient extractants for Np(V) are of critical importance in the development of advanced SNF reprocessing processes.
Recently, amide derivatives of dicarboxylic acids have been studied as extractants for actinide separations because of their potential to make the separation processes more efficient and environmentally-benign. [4] [5] [6] [7] [8] [9] [10] The amide ligands consist of only C, H, O and N atoms so that they are completely incinerable. As a result, the amount of solid radioactive wastes generated in the amide-based processes could be significantly reduced. Among the ligands, amide derivatives of oxydiacetic acid (ODA) [4] [5] [6] [7] and dipicolinic acid (DPA) [8] [9] [10] have been shown to be effective for extracting actinides in various oxidation states. Moderate distribution ratios were obtained for "problematic" Np(V) that is unextractable in traditional processes using tirbutyl phosphate (TBP) as the extractant. 6 2
To reveal the thermodynamic principle and structural factors governing the coordination of the amide derivatives of DPA with Np(V) and help to understand and improve the extraction behavior of Np(V) in SNF separation processes, we have started a systematic study of the complexation of Np(V) with a series of ligands related to DPA (Figure 1 ). This paper reports the thermodynamic, optical and structural data on the complexation between Np(V) and DPA. Our previous studies on the analogous series of ODA-related ligands have shown that ODA and its amide derivatives (tetramethyl-3-oxaglutaramide, TMOGA; dimethyl-3-oxa-glutaramic acid, DMOGA) all form tridentate Np(V) complexes with similar structures, and that there are systematic changes in the thermodynamic driving force (enthalpy and entropy) between the carboxylic acid and the amides that could be explained by the difference in the degree of hydration. 11 Therefore, we expect that the thermodynamic and structural data for the complexation of Np(V) with DPA are of great relevance and high value to the understanding of the complexation of Np(V) with its amide derivatives.
Only a very limited number of thermodynamic [12] [13] [14] 6 ] crystal has been reported. 18 We hypothesize that a 1:2 Np(V)-DPA complex also forms in solution, but might have been "missed" in previous studies either because insufficient ligand concentrations were used or because this complex may possess an inversion center, as in the Np(V)-ODA 16 and Np(V)-TMOGA 17 complexes, so that it is "silent" in optical absorption. The objectives of this study are three-fold: (1) to test the above hypothesis and characterize the structure of the 1:2 Np(V)-DPA complex; (2) for the first time, to determine the thermodynamic parameters (stability constants, enthalpy and entropy) for the 1:2 
Experimental Section

Chemicals
All chemicals were reagent grade or higher. Boiled Milli-Q water was used in preparation of all the solutions. All experiments were conducted at 25 o C and an ionic strength of 1.0 M (NaClO 4 ). The stock solution of Np(V) in perchloric acid was prepared as described elsewhere. 31 The concentration of Np(V) was determined by the absorbance at 980. 
Microcalorimetry
Calorimetric titrations were conducted at 25°C with an isothermal microcalorimeter (Model ITC 4200, Calorimetry Sciences Corp.). Procedures and results of the calibration of the calorimeter were provided elsewhere. 34 Three titrations with different concentrations of NpO 2 + (1.0 -2.5 mM) were performed to reduce the uncertainty of the results. In all titrations, 0.9 mL of NpO 2 + solution was put in the reaction cell and n additions of 0.005 mL titrant were made (n = 40 -50) through a 0.250 mL syringe, resulting in n experimental values of total heat (Q ex,j , j = 1 -n). These values were corrected for the heats of titrant dilution (Q dil,j ) that were measured in a separate run. The net reaction heat at the jth point (Q r,j ) was obtained from the difference: Q r,j = Q ex,j -Q dil,j . The value of Q r,j is a function of the concentrations of the reactants (C Np , C H , and C DPA ), the equilibrium constants, and the enthalpies of the reactions that occurred in the titration. A least-squares minimization program, Letagrop, 35 was used to calculate the enthalpy of complexation of NpO 2 + with DPA.
Single crystal X-ray diffractometry
Colorless crystals of the 1:2 Np(V)-DPA complex, Na 3 NpO 2 (DPA) 2 (H 2 O) 6 , were obtained by slow evaporation from 0.1 mL of 0.05 M NpO 2 (ClO 4 ) solution containing 0.1 M DPA at pH 6 -7.
Representative crystals were sealed in glass capillary tubes and mounted on the goniometer. Diffraction data were collected on a Bruker APEXII diffractometer at Beamline 11.3.1 of the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory. Details of the crystallographic data are provided in Table 1 . and (12.31 ± 0.11), respectively (I = 1.0 M NaClO 4 and t = 25 ºC). In Table 2 , the value of logβ 1 from this work is compared with those from previous studies. The value of logβ 2 from this work is the only value available for NpO 2 (DPA) 2 3- , because this complex has not been identified in previous studies.
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Crystal Structure of Na 3 NpO 2 (DPA) 2 (H 2 O) 6
The sodium salt of the 1:2 Np(V)-DPA complex, Na 3 NpO 2 (DPA) 2 (H 2 O) 6 , crystallized in a triclinic space group, P⎯1. The structure is shown in Figure 4 and selected bond lengths (Å) and bond angles (deg) are provided in Table 3 . In the unit cell, the Np atom is located at an inversion center at [0, 0, -1].
The Na atoms are not shown in Figure 4 , but one Na atom also lies at an inversion center at [0, -0. 6 . 18 In the latter, the coordination modes of the two DPA units are not identical (μ 5 -and μ 4 -, respectively) and no center of inversion exists. The difference in the cationic radii between Na + and Li + could be one of the reasons for the difference in the structure of the two crystals. (50% probability ellipsoids). The H and Na atoms, and water molecules are not shown for clarity. Nppurple, O -red, C -grey, and N -blue. 
179.999 (1) O ( 
Diffuse reflectance spectra
The diffuse reflectance spectrum of solid Na 3 NpO 2 (DPA) 2 Sharp peaks that are typical of f→f transitions are intense in the latter two spectra, but very weak in the diffuse reflectance spectrum of solid Na 3 NpO 2 (DPA) 2 (H 2 O) 6 . Table 2 ). The value from this work (8.68 at I = 1.0 M) is in fairly good agreement with one previous value (8.19 at I = 0.5 M) obtained by spectrophotometry using a competing cation, 14 given the difference in the ionic strength and the technique (the accuracy of stability constants determined by a competition method depends on the accuracy of the known stability constants of the competing cation complex). In contrast, the value of 4.82 for logβ 1 at I = 0.5 M 13 is much lower and is believed to be erroneous probably due to the negligence of the formation of the second Np(V)-DPA complex. As shown by this work, the the analysis of the spectrophotometric data would result in error. In fact, problems with spectra convergence in the data processing were noted in previous studies. 13, 14 The values of logβ 1 obtained by solvent extraction (7.07 and 7.25 at I = 1.0 M) 12 are also lower than that obtained in this work. We do not have a satisfactory explanation for this discrepancy but would like to point out that cautions should be taken when comparing results from drastically different techniques. It is noted that the data obtained by solvent extraction seem to be sensitive to the choice of the extractant concentration and the diluent. strength. 39 The electron-donating methyl group makes the nitrogen as well as the carboxylate group of MIDA more basic than those of IDA, resulting in stronger complexation of Np(V) with the former.
However, the same rationalization cannot explain why DPA forms much stronger complex with Np(V) than IDA or MIDA, since the pK a of DPA is only 4.7 under similar conditions. 39 We believe that the strong binding ability of DPA probably results from its "rigid" and conjugated structure in which the pyridine nitrogen and two carboxylate oxygen atoms are arranged at optimal positions to coordinate with NpO 2 + through its equatorial plane. As shown in Table 3 The newly identified NpO 2 (DPA) 2 3-complex. This complex was first identified in this work and there are no stability constants in the literature for comparison. As previously discussed, the absence of data in the literature is probably due to either inadequate experimental conditions (e.g., low ligand/metal ratio) or failure to identify this "silent" species in the near-IR optical absorption. kJ/mol), drastically different from the 1:1 complexation of Np(V) with dicarboxylic acids without a nitrogen donor, such as malonic acid (+1.0 kJ/mol) and oxydiacetic acid (+8.7 kJ/mol). 37 Evidently, the energy gained in the formation of the Np-N bond significantly exceeds the energy required to de-solvate the NpO 2 + cation, as well as the N atom to a much lesser extent. It is surprising that the stepwise entropy of complexation for NpO 2 (DPA) 2 3-is near zero ( Table 2) . We hypothesize that the formation of a highly symmetrical hexagonal NpO 2 (DPA) 2 3-could lead to a highly ordered solvent structure surrounding the complex and result in significant loss of entropy. Additional thermodynamic data on complexes with similar coordination modes and symmetry could help test this hypothesis.
Symmetry and optical absorption
Similar to the observations in previous studies of Np(V) complexation with ODA and TMOGA, Np(V)-dipicolinamide complexation would be more exothermic and more favorable than that of Np(V)-DPA complexation, because the -C=O unit in the amide group has been shown to be less solvated and requires less de-solvation energy than the -COO -unit in the carboxylate group. 11 More favorable enthalpy will make dipicolinamides stronger complexants than DPA and potentially excellent extractants for Np(V). (3) In contrast to the effect of enthalpy, the entropy of Np(V)-dipicolinamide complexation would be smaller and less favorable than that of Np(V)-DPA complexation, because fewer solvent molecules are released in the complexation with amides than carboxylates. 11 This means that, to strengthen the complexation of dipicolinamides with Np(V) and improve its efficiency in extracting Np(V), enlarging the entropy effect (e.g., designing picolinamides of higher denticity) should be a plausible approach.
Conclusion
The 1 Supporting Information Available. Two files (Np-DPA.cif and checkcif Np-DPA.pdf).
